Proteoglycans (PGs) synthesized by chick corneal stromal cells in cell culture and organ culture were metabolically radiolabelled with [ 35 S]sulfate (for glycosaminoglycans) and [ 3 H]leucine (for core proteins). Media, cell extracts and organ extracts from cultures were chromatographed on DEAE-Sephacel columns and separated into three fractions: the pass-through fraction (Fraction 1: nonsulfated PGs, hardly sulfated PGs, or glycoproteins with some oligosaccharides), the fraction eluted with a low salt concentration (Fraction 2: undersulfated PGs), and the fraction eluted with a high salt concentration (Fraction 3: highly sulfated PGs). The PG compositions of each fraction of cell culture and organ culture were then compared. While the proportions of highly sulfated KSPG in Fractions 3 of medium and cell extract of cell culture were both very low compared with those of medium and organ extract of organ culture, respectively, the proportions of highly sulfated CS/DS PG in Fractions 3 of those of cell culture were higher than those of organ culture. On the other hand, the proportions in the 35 S activities of nonsulfated or undersulfated KSPG in Fractions 1 and 2 of medium and cell extract of cell culture were comparable to those of organ culture. Furthermore, the proportions of core proteins of undersulfated KSPG in Fractions 2 were higher in cell culture than in organ culture. These results show that, when the cells are cell-cultured, the degree of sulfation of KS chains decreases markedly, but the syntheses of the glycosaminoglycan backbone and core protein are maintained. S]sulfate and radiolabelled at 37°C for 5 h in a CO 2 -incubator. After radiolabelling, the medium was removed from the culture. The medium fraction, to which solid guanidine chloride was added to make about 4 M, was applied to a PD-10 column to remove unincorporated radioactive precursors as reported previously.
; and the other with keratan sulfate (KS) side chains, which consists of three PGs containing the genetically distinct core proteins, lumican, 2) keratocan, 3) and osteoglycin/mimecan. 4) These PGs help maintain the regular arrangement of collagen fibrils within the corneal stroma [5] [6] [7] and play an important role in corneal transparency. 8) In normal corneal stroma of many mammals and birds, the two families of PGs are present in almost the same amounts. [9] [10] [11] [12] [13] [14] But the accumulation and biosynthesis of the two families of PGs in corneal stroma readily change with changes in conditions in vivo and in vitro. Especially, when corneal stromal cells were cultured on a plastic dish in vitro, the expression pattern of PG changed markedly [15] [16] [17] [18] [19] [20] : KS biosynthesis mostly ceased, the proportions of CS/DS and heparan sulfate biosyntheses increased, and hyaluronic acid biosynthesis began. In contrast to these reports, Funderburgh et al. 21) reported that KSPG decreased moderately in bovine corneal keratocyte cultures and constituted 15% of the proteoglycan metabolically labeled with [ 35 S]sulfate in the culture medium, and that KSPG made in vitro differs from that found in vivo in the length and sulfation of its KS chains. Schrecengost et al. 22) also reported from Western blotting of PG synthesized in chick corneal fibroblast culture that the precursor protein was converted to a glycoprotein with large oligosaccharides (probably poly-N-acetyllactosamine) and not to a proteoglycan in cell culture: the sulfation enzymes for KS may be absent in cultured corneal fibroblasts, although the poly-N-acetyllactosamine chain is produced there. Furthermore, Beales et al. 23) reported that bovine keratocytes cultured in serum-free medium synthesized 47% of the total glycosaminoglycan as KS, whereas the cells in medium containing 10% FBS synthesized only 9% KS.
To resolve this confusion, in this study we analyzed PGs synthesized in cultures of chick corneal stromacytes and of corneal stromal tissues using glycosaminoglycan-degradative enzymes and antibodies against core proteins of KSPG and CS/DS PG, and examined the differences in PG compositions between the cell and organ cultures. Many previous papers show that the expression pattern of PGs in organ culture is similar to that in vivo. Considering that the PG biosynthesis in organ culture reflects that in vivo, we compared the composition of PG in cell culture with that in organ culture. We found that the proportion of highly sulfated KS was markedly decreased in the cell culture, while the proportion of the undersulfated KS was higher in the cell culture than in the organ culture. We also found that the considerable amounts of undersulfated PGs (KSPG and CS/DS PG) were secreted into the medium as final products in both cell culture and organ culture.
MATERIALS AND METHODS

Materials
White Leghorn male chicks (2 d old) were purchased from Hattori Youkei-en, Nagoya. Chondroitinase ABC (Proteus vulgaris), Keratanase (Pseudomonas sp.), and endo-b-galactosidase (Escherichia freundii) were purchased from Seikagaku Corp., Tokyo. DEAE-Sephacel, CNBr-activated Sepharose 4B, High Trap Q, PD-10, Superose 6, Protein A-Sepharose, and E-Z-SEP (antibody purification kit) were purchased from Amersham Pharmacia Biotech, Tokyo. Ham's F-12 medium was purchased from Nissui Seiyaku, Tokyo. Fetal bovine serum (FBS), streptomycin sulfate, and penicillin G were purchased from Gibco BRL, U.S.A. Collagenase (Clostridium hystolyticum) was purchased from Wako Pure Chemical Ind., Osaka. L- [4,5- 2 -incubator. After radiolabelling, the medium was removed from the culture. The medium fraction, to which solid guanidine chloride was added to make about 4 M, was applied to a PD-10 column to remove unincorporated radioactive precursors as reported previously. 24) The cultured explants were extracted with 4 M guanidine chloride solution containing 0.2 M NaCl, 10 mM EDTA, 6-aminohexanoic acid (AHA), 10 mM N-ethylmaleimide (NEM), and 0.5% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate (CHAPS) in 0.5 M Tris-HCl, pH 7.5 as reported previously. 24) The cell culture of the stromal cells was done as reported previously. 25) The corneal stromas were taken from 114 chicken eyeballs as described above, minced, and digested with 0.25% of collagenase in phosphate-buffered saline, pH 7.2 (8.1 mM Na 2 HPO 4 , 0.14 M NaCl, 1.47 mM KH 2 PO 4 , 2.7 mM KCl, 1ϫ10 5 U penicillin G, and 0.1 g streptomycin sulfate in 1000 ml). The resultant cell suspension was divided into three parts, each of which was placed in 3 ml of Ham's F-12/10% FBS/100 U penicillin G on a culture dish (2.16ϫ 10 6 cells/dish). The cells were cultured in 3 ml of the medium in a CO 2 -incubator (95% air-5% CO 2 ) at 37°C for 8 d. The medium was replaced daily. On the 9th day, the medium was removed, and 1 ml of the medium containing 11. ]leucine was added to each dish. The cultures were radiolabelled in a CO 2 -incubator at 37°C for 5 h. After radiolabelling, the medium was removed from the culture. As described above, solid guanidine chloride was added to the medium fraction, which was then applied to a PD-10 column to remove unincorporated radioactive precursors. The cell layer on the dish was extracted with 4 M guanidine chloride/protease inhibitors as described above.
20)
DEAE-Sephacel Column Chromatography The medium and stroma extract from organ culture (hereafter referred to as OM and OE, respectively) and the medium and cell extract from cell culture (hereafter referred to as CM and CE, respectively) were dialyzed against 7 M urea in 50 mM TrisHCl, pH 7.5 containing 1 mM NEM, 1 mM EDTA, 10 mM AHA, 0.5 mM PMSF and 0.1% CHAPS. Aliquots of the dialyzed fractions were assayed for radioactivity. Each of the remaining dialyzed fractions was applied to a DEAE-Sephacel column (1.0ϫ13 cm) equilibrated with 7 M urea/0.1% CHAPS in 50 mM Tris-HCl, pH 7.5. The column was washed with 75 ml of the same 7 M urea solution, and the proteins bound to the column were eluted with a linear gradient of 0-1.0 M NaCl (150 ml) and then with 2.0 M NaCl (30 ml) in the 7 M urea solution. The flow rate was 0.5 ml/min and fractions of 3.0 ml were collected. Aliquots of fractions were assayed for both activities of 35 S and 3 H using a liquid scintillation counter. Fractions with both 35 S and 3 H activities were divided and pooled into three parts: pass-through fraction (Fraction 1), fraction eluted with 0.1-0.33 M NaCl (Fraction 2), and fraction eluted with 0.33-0.9 M NaCl (Fraction 3). In this way, Fractions OM1, OM2, and OM3 were obtained from medium of organ culture (OM); Fractions OE1, OE2, and OE3, from stromal extract of organ culture (OE); Fractions CM1, CM2, and CM3, from medium of cell culture (CM); and Fractions CE1, CE2, and CE3, from cell extract of cell culture (CE). Each fraction was dialyzed against 10 mM Tris-HCl, pH 7.4 containing 150 mM NaCl and 0.2% Tween 20 and concentrated by ultrafiltration using YM 10 membrane. An aliquot of each concentrate was assayed for 35 S and 3 H activities. Enzymatic Treatment and Superose 6 Chromatography A portion of each concentrated fraction was digested with chondroitinase ABC, keratanase, or endo-b-galactosidase at 37°C in 50 mM Tris-HCl, pH 7.5, containing 40 mM NEM, 40 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 1.4 mM pepstatin A to examine the glycosaminoglycan compositions of proteoglycans synthesized. Each fraction was digested with 0.25 unit (mmol of unsaturated disaccharide/min) of chondroitinase ABC for 2 h. Fractions OM3, OE3, CM3, and CE3 were digested for 4 h with 0.5 unit (mmol of reducing end/h) of keratanase, which cleaves internal galactosidic linkages but requires N-actylglucosamine 6-O-sulfate residue adjacent to the galactose residue participating in galactosidic linkage; and the other fractions were digested for 4 h with 0.01 unit (mmole of reducing end/min) of endo-b-galactosidae, which cleaves not only KS but also undersulfated KS and nonsulfated KS (poly-N-acetyllactosamine).
26) The digests were applied to a Superose 6 column (1.0ϫ30 cm) equilibrated with 20 mM Tris-HCl, pH 8.0 containing 7 M urea and 10 mM NaCl. The elution was performed with the same buffered 7 M urea solution at a flow rate of 0.4 ml/min, and fractions of 0.4 ml were collected. A portion of each fraction was assayed for 35 S activity using a liquid scintillation counter. The increases in 35 S activity after fraction number 50, compared with the chromatography of corresponding intact PG fraction, were taken to represent products of degradation by the enzymes, and the glycosaminoglycan composition was calculated from their percent of total 35 S activity eluted.
Immunoprecipitation Immunoprecipitation of KSPG or CSPG from each fraction was performed using antibody against KSPG core protein or CSPG core protein. The polyclonal antibodies against KSPG core protein (anti-KSPG) and CSPG core protein (anti-CSPG) were prepared as described previously. 27) Immunoprecipitation of KSPG and CSPG were done according to Funderburgh et al. 21) Protein-A-Sepharose CL-4B was washed with Mili-Q water and 10 mM Tris-HCl, pH 8.0/150 mM NaCl/0.2% Tween 20 (hereafter referred to as 10 mM Tris-HCl-Tween. 20) The washed protein-A-Sepharose (200 ml) was incubated with 100 ml of the purified anti-KSPG or anti-CSPG and 200 ml of 10 mM Tris-HCl-Tween 20 at 4°C overnight on a rotating mixer, then washed once with 1 ml of 10 mM Tris-HCl-Tween 20. The antibody-loaded beads were then shaken with 1 ml of 10 mM Tris-HCl-Tween 20 containing 1% of bovine serum albumin (BSA) for 2 h at 4°C, then washed three times with 1 ml of 10 mM Tris-HCl-Tween 20. Thereafter, 1 ml of each sample (the OM, OE, CM, and CE fractions) was incubated with 200 ml of the BSA-treated, antibody-loaded beads and 200 ml of 10 mM Tris-HCl-Tween 20 at 4°C overnight on a rotating mixer, then centrifuged (1000 rpm, 20 s). The resultant pellet was washed with 1 ml of 10 mM Tris-HCl-Tween 20 five times. The resultant supernatant was incubated again with 200 ml of fresh antibody-loaded beads treated with BSA and centrifuged as described above. The washed 1st and 2nd pellets were separately incubated with 500 ml of 20 mM Tris-HCl, pH 8.0 containing 7 M urea and 0.1 M NaCl at 4°C overnight on a rotating mixer to release the bound proteins from the beads, then centrifuged (15000 rpm, 3 min), and the two resultant supernatants were combined. A portion of the combined supernatant was assayed for 3 H and 35 S activities using a liquid scintillation counter. The remaining supernatant was applied to a Superose 6 column (1.0ϫ30 cm) and chromatographed as described above. Fractions of 0.4 ml were collected, and each fraction was assayed for 3 H and 35 S activities. , and media (OM, CM) obtained were chromatographed on a DEAE-Sephacel column and separated into three fractions: Fraction 1, pass-through fractions, containing nonsulfated PGs, hardly sulfated PGs and glycoproteins with some oligosaccharides; Fraction 2, fractions eluted with 0.1-0.33 M NaCl, containing undersulfated PGs; Fraction 3, fractions eluted with 0.33-0.9 M NaCl, containing highly sulfated PGs (binding of PGs to DEAE-Sephacel column is dependent only on negative charges per disaccharide repeat, because the core protein moiety of PG is not involved in the binding 27) ). Table 1 S were incorporated into organ extract than into medium. The major portions of 35 S activities in both organ extract and medium fractions were recovered in Fraction 3 (OM3 and OE3) after DEAE-Sephacel chromatography, while the 3 H activities in both organ extract and medium fractions were recovered in similar proportions in Fraction 2 (OM2 and OE2) and 3 (OM3 and OE3). In the cell culture, both 3 H and 35 S activities incorporated into medium were comparable to those incorporated into cell extract. Like organ culture, the major portions of 35 S activities in both cell extract and medium fractions were recovered in Fraction 3 (CM3 and CE3) after DEAE-Sephacel chromatography, but 35 S activities were also recovered in Fraction 2 (CM2 and CE2) in proportions that were more than double those in Fraction 2 of organ culture (OM2 and OE2). On the other hand, 3 H activity in the medium fraction of cell culture was recovered in Fraction 2 (CM2) in a proportion comparable to that in Fraction 3 (CM3), and the major portion of 3 H activity in the cell extract fraction was recovered in Fraction 2 (CE2). Comparable portions of 35 S and 3 H activities which were originally found in organ extract, cell extract, and media, were lost after their DEAE-Sephacel chromatographies ( Table 1 ). The reason for this is unknown: the extracts and media might still contain free 35 S and 3 H precursors after dialysis and the precursors might still be retained on the column even after the elution with 2 M NaCl.
RESULTS
Incorporations
Glycosaminoglycan Composition of PGs in Each Fraction Each fraction was digested with chondroitinase ABC, keratanase, or endo-b-galactosidase, and the glycosaminoglycan composition of PGs therein was estimated from 35 S activity as described under Materials and Methods. The results are shown in Table 2 . In organ culture, the proportions of KS were much higher than those of CS/DS in both Fractions 2 and 3 (OM2 and OE2; OM3 and OE3), while the proportions of CS/DS were higher than those of KS in Fraction 1 (OM1 and OE1), although the 35 S activities recovered in Fractions 1 was very low. On the other hand, the proportions of KS decreased markedly in Fractions CM3 and CE3 of cell culture compared to those in the corresponding fractions of organ culture, while those in Fractions CM2 and CE2 remained high. Consequently, the proportions of CS/DS PG in Fractions CM3 and CE3 increased. These results show that, in cell culture, the highly sulfated KS decreased markedly, while the undersulfated KS and highly sulfated CS/DS did not decrease. The amount of undersulfated KS in cell culture substantially increased compared to that in organ culture, as judged by the proportions (the values in parentheses) of 35 S activities in Fraction 2 (OM2 to CM2; OE2 to CE2) in Table Table 1 1 and the proportions of KS in Fraction 2 (OM2 to CM2; OE2 to CE2) in Table 2 .
Immunoprecipitation of PGs from Each Fraction of Organ and Cell Cultures
To estimate the core protein moieties of PGs in each fraction, PGs were immunoprecipitated using anti-KSPG and anti-CSPG as described under Materials and Methods. The results are shown in Table 3 . In a separate experiment, each sample was preincubated with Protein-A-Sepharose CL-4B and centrifuged, and the resultant supernatants were then subjected to immunoprecipitation (including blocking with BSA) as described under Materials and Methods. Because the results were similar to those in Table 3 , the nonspecific adhesion of proteins in each sample to Protein-A-Sepharose CL-4B probably did not take place during the immunoprecipitations. But, even if the immunoprecipitation was repeated twice for each sample as described under Materials and Methods, the sum of percents of 3 H activities of immunoprecipitates with anti-KSPG and anti-CSPG in each fraction, especially OM2, OE3, CM1, and CE3, was much lower than 100%. Although anti-KSPG and anti-CSPG antibodies are polyclonal, the PGs might not be completely immunoprecipitated with these antibodies. The reason for this is unknown: the glycosaminoglycan chains linked to core proteins may interfere with the antigen-antibody reaction. But the distribution of PG core proteins in each fraction can be found from the results in Table 3 . The proportion (5.9%) of immunoprecipitate ( 3 H activity) with anti-KSPG in Fraction CE3 markedly decreased compared to that (19.4%) in Fraction OE3, while the proportion (25.1%) of immunoprecipitate with anti-CSPG in Fraction CE3 increased compared to that (14.5%) in Fraction OE3. The proportion (12.4%) of immunoprecipitate with anti-KSPG in Fraction CM3 also markedly decreased compared to that (37.5%) in Fraction OM3, although the proportion (10.0%) with anti-CSPG in CM3 also decreased a little compared to that (14.0%) in OM3. In contrast, the proportions of immunoprecipitates with anti-KSPG and anti-CSPG in Fractions CM2 and CE2 all were more than those in Fractions OM2 and OE2 and showed a tendency to increase. Because the major portion of 3 H activity incorporated into cell extract was recovered in Fraction CE2 (Table 1) , the above result shows that the immunoprecipitates with both antibodies in Fraction CE2 were much higher in amount compared to those in Fraction OE2. These results reveal that the highly sulfated KSPG markedly decreased in cell culture, while the undersulfated KSPG and CS/DS PG, as well as the highly sulfated CS/DS PG tended to increase.
Superose 6 Chromatography of Immunoprecipitates from Each Fraction
Each of the immunoprecipitates obtained above was chromatographed on a Superose 6 column as described under Materials and Methods. The profiles of the immunoprecipitates from organ extract (OE) and medium (OM) of organ culture are shown in Figs. 1 and 2 . Figure 1 (OE) shows that KSPG and CS/DS PG immunoprecipitated from Fraction OE3 were of larger molecular size than those from Fractions OE2 and OE1. This difference in molecular size could be derived from the higher sulfation and longer chain of glycosaminoglycans of PGs of OE3 compared to those of OE2 and OE1, although the length of glycosaminoglycan chains was not determined in this study. Because the molecular sizes of immunoprecipitates of OE1 were similar to those of OE2 which contained the undersulfated glycosaminoglycans, the immunoprecipitates of OE1 could be proteins with nonsulfated glycosaminoglycans, but not short sugar chains. In the experiment of glycosaminoglycandegradative enzyme digestions of PGs described above, core proteins of KSPG and CS/DS PG were eluted around fraction number 50 on the same Superose 6 column (data not shown), also suggesting that the immmunoprecipitates of OE1 eluted before fraction number 50 on the column (Fig. 1F) are proteins with nonsulfated glycosaminoglycans. Immunoprecipitates of OE1 contained small amounts of proteins of larger molecular size (Figs. 1E, F) , and these proteins may have longer, nonsulfated glycosaminoglycan chains. In Fig. 2 (medium of organ culture), the profiles of immunoprecipitates of OM3, especially the immunoprecipitates with anti-CSPG (Fig. 2B) , show the presence of proteins of small molecular size. These proteins could have short, sulfated glycosaminoglycan chains. The molecular sizes of the immunoprecipitates of OM1 and OM2 (Figs. 2C-F) were similar to 30 Vol. 24, No. 1 those of the smaller ones of OM3 as well as those of OE1 and OE2. The proteins of OM1 and OM2 could have nonsulfated and undersulfated glycosaminoglycan chains, respectively, like those of OE1 and OE2. The profiles of immunoprecipitates of cell culture (data not shown) were similar to those of the corresponding ones of organ culture ( Figs. 1 and  2) , except that the immunoprecipitates of CM1, not CE1, contained proteins of larger molecular size like those of OE1. These results of Superose 6 chromatographies show that PGs with undersulfated and nonsulfated glycosaminoglycan chains were synthesized and secreted into medium as final products in both cell culture and organ culture, and that PGs with short, sulfated glycosaminoglycan chains were also secreted into medium as final products in both cell culture and organ culture.
DISCUSSION
Many authors [15] [16] [17] [18] [19] [20] have reported that when corneal stromal cells were cell-cultured, KS synthesis by the cells decreased markedly. In this study, the glycosaminoglycan compositions of PGs synthesized were examined by digesting them with keratanase, endo-b-galactosidase, and chondroitinase ABC (Table 2) , and the core protein moieties were analyzed by immunoprecipitation with anti-KSPG and anti-CSPG (Table 3) . When the stromal cells were cell-cultured, the synthesis of highly sulfated KSPG markedly decreased, while that of highly sulfated CS/DS PG increased slightly. This result for the highly sulfated PGs is consistent with those reported previously. [15] [16] [17] [18] [19] [20] We also found, however, that syntheses of both glycosaminoglycan backbone chain and core protein of the undersulfated KSPG, as well as the undersulfated CS/DS PG, increased in cell culture (the increase in 35S activity in Fraction 2 means greater increase in glycosaminoglycan backbone, because the elution position of each Fraction on a DEAE-Sephacel column is dependent on the extent of sulfation per repeating disaccharide of the backbone). The proportions of the undersulfated KS (Fraction CE2) and CS/DS (Fractions CE2 and CM2) in cell culture were a little lower on the numerical values of 35 S activity compared to the corresponding proportions in organ culture (Fractions OM2 and OE2) in Table 2 . But it is clear that their percent of total 35 S activities in the medium and extract fractions (the sum of Fractions 1, 2, and 3) of cell culture, respectively, were higher than those of organ culture because the proportions (12.8% and 14.6%) of 35 S activities of Fractions CM2 and CE2 were more than twice those (5.1% and 6.0%) of Fractions OM2 and OE2 in Table 1 . These results show that when the cells are cell-cultured, the sulfation of KS chains markedly decreases, whereas the syntheses of KS backbone and KSPG core protein are maintained at a higher level than that in organ culture; they also show that the sulfation of CS/DS chains and, the syntheses of CS/DS backbone and CS/DS PG core protein all increase compared to those in organ culture. We reported previously 25) that GlcNAc-sulfotransferase activity markedly decreased compared to the other sulfotransferases and glycosyltransferases in cell culture. The result described above is consistent with this report. Superose 6 chromatographies of the immunoprecipitates (Figs. 1 and 2) show that PGs in Fraction 3 were of larger molecular size than those in Fractions 1 and 2. These differences in molecular size appear to derive primarily from the differences in the sulfation and length of glycosaminoglycan chains of PGs in each fraction. Although the length of glycosaminoglycan chains was not determined in this study, the undersulfated and nonsulfated glycosaminoglycan chains of PGs in Fractions 1 and 2 appear to be shorter than those in Fraction 3, because the differences between the elution positions on chromatographies are too great to be accounted for only by the extent of sulfation; furthermore, it has been reported that the sulfation of the glycosaminoglycan chain occurs during its polymerization 28, 29) and that the glycosyltransferases involved in the chain elongation have higher activity toward the sulfated oligosaccharides than toward the nonsulfated ones 30, 31) (the sulfation could be a rate-limiting step of the chain elongation). The results described above are consistent with those reported by Funderburgh et al. 21) and Schrecengost et al. 22) The chromatographies in this study also show, however, that PGs with short, highly sulfated and long, nonsulfated glycosaminoglycan chains were present in both organ and cell cultures. The presence of these PGs in media of organ and cell cultures means that they were synthesized as final products and secreted into medium. The presence of PGs with short, highly sulfated and long, nonsulfated glycosaminoglycan chains in organ culture suggests that these PGs, as well as PGs with undersulfated glycosaminoglycan chains, are synthesized as final products and secreted into the extracellular matrix in vivo. What roles such PGs play in vivo and how the sulfation and elongation of glycosaminoglycan chain are controlled in vivo remain to be clarified. Vol. 24, No. 1 The immunoprecipitates with anti-KSPG and anti-CSPG from Fraction OM3 (A and B), Fraction OM2 (C and D), and Fraction OM1 (E and F) were each chromatographed on a Superose 6 column. The symbols are as described in Fig. 1 .
